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‘.BSTRACT

Physical and chemical conditions in the coma of a bright “new”

comet are related to the composition of the nucleus. Chemical and

photolytic processes are described and related to distance in the coma

above the nucleus and to heliocentric distance of the comet. Com-

parison of the model with coma observations leads to some restrictions

about th~ nucleus composition. It is expected that these restric~ions

become more stringent as coma models are developed further aad as

observations become ❑ore detailed.
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I. INTROIMJCTION

After the sun Grazing comet Ikeya Seki

moved through the sun’s coron~, its activity had

slightly. Yet a comet uucleus is so small--less

(1965 VIII) had

been reduced only

than several tens

of kilomete::---that it cannot be resolved with big telescopes. This

is a beautiful demonstration that. the source of cometary activity,

the nucleus, ❑utt be compact and ❑ust have enough mass to survive a

close encounter with the sun. ikeya Seki split and comet West (1976

VI) bro!te into four pieces; this indicates that the nucleus lacks

dynamical strength--it probably consists of loosely compacted

frozen gases and dust, These conditions are consistent with

Whipple’s icy conglomerate model of the nucleus (Whippls, 1950;

1951). No direct evidence and little more indirect evidence

exists about the physical structure and chemical composition of

the nucleus.

Since we cannot observe the nucleus directly--this will h.ati~to

await a mission to a comet--we must concentrate out attention on

tile next larger feature that is observable: the :oma. It is up to

105 km in size in visible light and up to 1(J7km in the ultraviolet

(the hydrogen coma in Lyman alphu). It is our plan to model the

coma physically and chemically-- starting with some assumptions about

the nucleus --compare the model results with observatiww and deduce

from them the conditions of the nucleus.

Thr observed spccius of the coma are s!mwn iu Table I. It shows

that the frozen volatiles in the nucleus contain H, C, N, O, and S.

But not even the relative abundances ~f these are WC1.1 known. The ion

and dusL Lails are extensions of the coma caused by solar wind inter-

action with the cometary ions and by radiation prcssujme on du~t, ComeL

tailu arc theref’erc not us useful for our purposefi as the coma.

Earlier it was thought that.comets originutcd in the s~lur system,

beyond Jupiter. Under :;uch conditions the composition of the nucleus

uhould be in chemical equilibrium or close to it:
“2°’ c%’ ‘}13’ “n(’

po~sibly CO, C02, C2N2 ctc, (SW, e.g., Wurm, 1943). Now it IU be-

lieved that comets have their origin in the prcsolur nebula or a

companion fragment thcreuf (Bee, e,8., Birrmunn and Hichcl, 1978).
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One therefore ●xpects that ❑olecules that have been detected in dense

interstellar clouds will also bc ~i~sent. Furthermore, ultraviolet

radiation and cosmic rays may have converted some of these ❑olecules

to nonvolatile, heavy organic materials. Even if the relative abundance

of H, C, N, O, aiid S is cosmic, duririg comet formation some of these

atoms will be bound in grains, others in the nonvolatile organic com-

pounds and still others in extremely volatile compounds that never

condensed. We therefcre do not know the rela~ive abundance available

in the vol~tile fraction of the frozen gases in the nucleus. Much less

do we know what the relative composition of these ❑olecules is. We are

at the limit of our knowledge. There are too ❑any unknowns, therefore

our model is idealized:

“ The nucleus ❑ay have a very odd shape--we assume a spherical

shape.

■ The nucle~s may be highly heterogeneous; spotty on the sur-

face, pockets af volatiles under the surface--we assume a

homogeneous nucleus.

● The nucleus is composed of dust and volatile and nonvolatile

organics --we consider only the volatile materi~l.

● Radiation pressure and solar wind distort the coma--we assume

the come is pherical.

● Attenuation of solar radiation in the coma depends on the

angle of incidence --~c assume that incidence is at a right angle.

● Outgasing will be ~onuniform--we assume it is uniform and

spherically synmetric.

Despite of the many simplification, wc still have a complex problem

to solve. The model deticribed below is based on the work by Gigucre

and Huebner, 1978a and Nucbner and Giguere, 1980.

II. PHYSICS

Solar radiation incident on the comet nucleu~ is in part

abtiorbed, the rest iu reflected. The larger the ublcdol the larger

the reflcctior. part of the absorbed ener~y ib rcr~diated in the

infrurcd, the Imlancc changes the frozen gasc~ from the uolid phase to

a vapor (eublimatiou from #olid to giIs). At large heliocentric
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distance most of the absorbed energy is reradiated in the infrared, at

small heliocentric distance the equilibrium temperature is suffi-

ciently high so that most of the energy goes into sublimation of

the surface materials. The relationship is nonlinear.

From energy balance and the equation of state, which consists of

the Clausius--Clapeyron equation coupled to the ideal gas equation, we

calculate the equilibrium surface temperature T, gas pressure, gas

density no, gas production rate per unit surface area Z and sound

speed v The quantities are calculated with assumed parameters for
s“

the albedo A and the emissivity c. The mean latent heat L, which also

enters as a parameter, is determined from the assumed composition of

the frozen gases. From this composition are also determined the mean

❑olecular weight H and the adiabatic exponent y (ratio of specific

heats) . Typical values are A = 0.3, & = 0.7, L Z 8 kcal{mol, y =

1.35, M = 22 and for a nucleus of 1 km radius at a heliocentric distance
17

of lAUT=150°K, Z= 3x1O
-2 -1

molecules cm s , n = 4,5 x 1013
0

molecules/cm3 and v ~ 0.3 kin/s. The initial outst~eam velocity is v
s- S

/4.

Applying the usual conservation laws of energy, momentum, and mass

we calculate the fluid dynamics of isotropic outflow. Using the

adiabatic exponent as the polytropic expcnentl the fluid flow obeys

the von Mises solution of supersonic flow. The asymptotic value of

the supersonic outflow velocity, typically 0.7 km/s, is attained at

several tent LO a hundred nuclear radii above the surface. It is

important to note that because of mass conservation, the giis density

varies as

= ni(vi/v i+l)(ri/ri+l)2 .
‘i+l

Thiu deviates markedly from a r
-2

variation near the nucleus.

From the density-,iistancc rc]JLionship, the photo crors sections

of the coma gas constituents and their relatl ‘e abundances, \“e can

calculate the attc:luation of the solar ultraviolet radiation. This

is done wavelength dcpcndcnt , avc:agcd over wavelength bins a few to

50 ~ wide. Cross-section data are available for most of the important
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mother molecules in the coma. Tte attenuation depends not unly on

the distance above the nucleus, but also on the zngle of incidence of

the sun light. However, preliminary calculations indicate that the

attenuation does not vary stionsly with angle as measured from the

comet-sun axis except for a narrow segment in the antisolar di-

rection (Giguere and Huebner, 1978b). The amount of solar uv

radiation is important for determining dissociation and ionization

which initiate chemical reactions in the inner coma.

111. CHEMISTRY

Reaction processes that we find to be important for initiating

and maintaining chemical reactions are summarized in Table II. Th,~

least important of these processes are listed near the bottom. Nearly

100 photolytic pro[”esses are included in our model calculation; mal.y

are considered in great detail, others for which cross sections are

not available are estimated. Phatodissociative ionization (PDI) is an

important process in the inner coma. PDI is a process in which a

photon causes a molecule LO be ionized into an excited state; the

excited state of the mulecular ion then decays by d]ssociatioa. The

process

C02+lIU+O+CO++e

is very important far the pro~uciion of CO+ deep in the coma where it

is observed. PDI of other CO-bearing molecules gives si:Jllar

results. Photon energy in exczss of threshold for ionization

produces hot electrons. These have enough energy to produce more

ionization and dissociation by impact, Similarly, solar wind

elertrons can produce ions and radicals at the c~ntact surface in the

coma . These impact. processes have not yet been included in our

model. Aboht 500

and are used in

composition. Over

other. l’here is a

chemical ractions are availabl~ :n the proaram

accordance with the assumed initiul chemical

100 differeut chemical spccie~ reuct with each

differential equation for each specie~ couplina



7

it to other species. Since some reactions proceed very fast

and others slowly or not at ali until the reactants have been

built up from other reactions, it is important to use a s~iff

differential equation solver technique.

There are tri~features which distinguish our chemistry from that

used to model interstellar clouds: (1) Inner coma temperatures are

typically 150°K which is much warmer than the temperatures in inter-

stellar clouds and ❑uch closer to the laboratory conditions at which

rate constants are being measured. (2) Our calculations are time

dependent chemical kinetics, while a steady state is assumed for

interstellar clouds.

Iv. COMBINING PhTSICS AND ClfiXISTRY

Our model calculation~ are based on Lhe ~rocesses occurring

in a thin shell of coma gases as it expands al;d moves outward.

Therefore, chc.tnicalreactions take place in a continually diluting

gas exposed t,> a continually increasing solar ultraviolet radiation

flux. The practical details are illustrated in Fig. 1. The time

step for the chemical reactions is much smaller than the fluid

dynamic time step at which the density and attenuated solar flux are

recalculated. Fluid dynamic time steps are approximately logarithmic.

Only at large distan-es from the nucleus does the chemical time step

appruach the fluid dynamic time step. It is important to recognize

that in this procedure chemical steady state may not bc reached, the

dilatation i~f the gas may “freeze-in” some species that otherwise

mighL have reacted further.

v. RESULTS

Considering the origin of life, hinlogicai molecules of ever

increasing complexity must have been synthe~izcd hy chemical reactions

from simple ❑clccules and radicals under non~qui]ibrium conditions.

A similar sequence of evunts also occurs in comet comae. Solar uv

radiation dissociates and ionizec molcculc~ producing highly reactive

specien that uombin? in .Jrwways, forming more complex species. But

solar uv is relentlessly uitis~ciating and ionizing; what i~ created in
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the inmr coma it destroys again in the outer coma. For a comet near

the sun, most molecules in the coma will de dissociated into atoms aad

eventually even these will be ionized.

Starting with a nuclear m~xture that in the gas phase is nearly

in chemical equilibrium (’~.0,CH4, NH3 ~~ith some C02 or CO added) our
L

❑odel fails to produce the observtd quantities of C3 and C2. CN

production is marginally in agreement with observations at 1 AU

heliocentric distance but is underproduced at larger distances from

the sun. (Of the neutral species, :;4

vis’ble coma of most comets and is the

such a camet approaches the sun).

Tbe main production ❑echanism from

has the largest extent in the

first species ti?tectable when

CH,,and NHa is
. -J

CH4+hv+H+CH~+e

~3 + CH~ + CH2~~ + H2

CH2Ni~ + e + CR + 2H2

C2 is produced primarily from CH4 and C02:

C02 + hv+ O + C+ + e
2

CH4 + C+ + C2H~ + H2 CH4 + hu + CH2 + H2

+

c2H2+e+c2+2H
CH2 + C+ * C2H+ + H

C2H+ + e + C2 + H

A r.ompetlng process for the production of C2H: in the reaction chain on

the left comes from the chain on the right

CH2 + CH2 + C2H2 + H2

+

C2H2 + ‘v + C2H2 + c



CH4 and C02 also produce C3:

C02+hv+02+C++e

CH4+hv+CH+H2+H

C++CH+C;+H

c;+CH4 + C3H+ + H2 + li

C3H++e+C3+H

If, on the othnr hand, comets are formed in the presolar nebula

or a companion fragment of that nebula, then the frGzen gases in a

comet nucleus ❑ay also contain molecules that hz-;e been detected in

interstellar space.

C:N:O is cosmic and

from observations in

tains about 90% H20,

With the constraint that the abundance ratio of

the ratio of H:O = 2 (a typical value deduced

comets), ‘.-ehave assumed a ❑ixture which con-

‘2co’ CH4’ and c02’ a ‘ew percent ‘f ‘2 and co
and trace amounts of HCN, CH3CN, CH3NH2, H2C3H2, C2H2, and NH3.

The first two trace molecules (0.9% of the total mixture) are the

main source for CN. Allene, H2C3H2, (0.2% of the ❑ixture) is the

so~rce for C
3“

This and acetylene (0.1%) are the main source for

c.-1. tlodel calculations have been made for a nucleus of 2.5 km

r~dius at heliocentric distances of 0.59, L.0, and 3.0 AU. Details

of the calculations will be reported at a late~ time by Biermann et al.

(1981). Some column densities for the three heliocentric distances

are shown in Fig. 2. Consistent with observations of bright “new”

comets, CN is dominant and closely followed by C3 at various distances

from the sun. It should be noted that the CN and C3 column densities

fall off with distance from the nucleus while the profile for C2

rema ins cunstant to a distance beyond 104 km. Observed column

defisities are average values to distances of 104 or several times

104 km. Because of the profile, the average column densities

fot CN and C3 from our model are much closer to the average value of

C2 than appears from Fig. 2. Some comparisons with cbserv~t.ions made

by A’Hearn and coworkers (A’Hearn, 1975; 1980; A’Hearn et al., 1980)

of average column densities are summarized in Table 111.
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Both, tb.e near chemical equilibrium compositions and the inter-

stellar composition give the ratio of CO+:H20+ column density close to

or less than one, This is contrary to the only value that is based on

obse~vhtions --obtained from comet Kohoutek--which indicates the ratio is

about 10. The reason why our model gives a ratio so rcuch smaller than

observations is not known. CO+ has a lazge rate coefficient for charge

exchange; a collision with a neutral species changes CO+ to CO. If

more of the hydrogen and oxyg=n were tied up in CO-bearing molecules

like H2C0, HCOOH, etc., rather than in H20, then the CO+:H20+ ratio

would be improved. Another possibility is that water is in the form

of frozen grains in the inner coma, i.e., less whter is in its gas
,

phase and therefore not available for charge exchange. When the ice

grains vaporize at a larger distance from the nucleus, the molecular

density is low and charge exchange is less effective. New observa-

tional determinations of the ratio are also very desirable.

Some species that are not direct dissociation products in our

assumed composition but are predicted with reasonable abmdance by our

model and have not been observed yet include NO, HCO+, H30+ and HCO~.

NO is produced by the following two reactions at various disLances in

the coma

N+(JH+N()+H

~+()+N()+H .

The production mechanisms for Lhe other three molecules stem from

various reacLions. Tables IV, V, and VI summarize where in the

coma the three most important reactions for each of the three

species dominates. These three tables also serve to illustrate

that it is not possible to greatly simplify the chemcial reaction

network. A reaction important in one part of the coma may be

completely subordinate to another reaction producin2 the same

species in another part of the coma or at another heliocentric

distance of Lhe comet.

Having included many new species in the initial composition

which produce observed species by direct dissociation raiaes the

question of how important chemistry is. A check calculation was made

with the chemistry (except phot~lytic processes) turned off. Table

VII shows that chemistry still plays an important role for many

species.
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VI. CONCLUSIONS

Whereas it was not possible with the present model to match

the observed column densities for C2 and C
3

and only ❑arginally for

CN in the case of a starting mixture near chemical equilibrium,

there is no difficulty when some interstellar molecules containing

the C -~Bc3 - and CN- groups are included in the mixture of frozen

gases. Although it d~)pf?ars likely, there is no ~roof that comets

contain interstellar ❑olecules. Species composed of the same

atomic constituents (H, C, N and O) must be expected to have

similar products from decay and chemistry. Therefore, similarity

of cometary and interstellar molecules may be coincidental. The

fact that only traces of some interstellar molecules produce t~!e

observed abundances of C~, C3 and CN places a severe restriction

on the nucleus composition.

The abundance of some ions, in particular the abundance ratio

CO+:H2C)+ is still not fuliy underst~od. More physical processes

need to be included in the model and more observational data are

needed.
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TABLE I

OBSERt%D CONSTITUENTS

Kead: H, C, C),S

CH, NH, OH, C2, CN, CO, CS

i’H~, H20, HCN, C3

LN3CN

Sun Near: Na

Sun Grazer: Si, Cat K, V, Cr, Mn, Fe, CO, Ni, CU

Dust: Silicates

Tail: C+

CH+, OH+, CO+, C!!+,N2+

H20+, LU2+

Sun Grazer: Ca+
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TABLE 11

CHE!IIC.4LREACTION PROCESSES

Photodissociation [hu + H20 + H + OH]

Photoionization [hv + CO + CO+ + e]

[WITH EXMIHXS]

Photodissoclutive Ionization [hv + C02 + O + CO+ + e]

Electron Impact Dissociation !e + N2 + N + N]

Electron Impact Ionization ic + CO + CO+ + 2e]

Electron Impact Dissociative Ionization [e + CO + O + CO+ + 2e]
+2

Positive Ion-Atom Interchange [CO+ + H20 + HCO + OH]

Positive Ion Charge Transfer [CO+ + H20 + H20+ + CO]

Electron Dissociative Recombination [C2H+ + e + C2 + H]

3-Body Pcsitive Ion-Neutral Association [C2H2+ + H2 + tl+ C2H~ + tl]

Neutral Rearrangement [N + CH + CN + Ii]

3-Body Neutral Recornbinat.ion[C2H2 + H + M + C2H3 + M]

Radiative Electronic State Deexcitation [O(iD) + 0(3P) + hv]

Electron Impact Electronj.c State Quenching [e + O(iD) + e + 0(3P)I

Radiative Recombination [e + Ii++ H + hv]

Radiation Stabilized Positive Ion-Neutral Association [C+ + H -~CH+ + hi)]

Radia’.ion Stabilized Neutral Rccombinatiun [C + C + C + hu]
+2

Neutral-Neutral Associative Ionization [CH + O + HC!I + e]
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TABLE III

SOME COMPARISONS OF OBSERVED AND MODEL CALCULATED COLUMN DZNSITIES

Species Comet Hell@ centric Distance into Log Column Density [cm-2]

Distance [AU] Coma [104kmj Obsened Interstellar

(from A’Hearn) Composition

CN West 0.6 5 12.3 12.7

1.0 5 11.8 12.3

C2
West

Kohoutek

C3
west

NH2 KohouLck

CH Kohoutek

0.6 5 12.3 )2.3

0.6 1 13.6* 12.6

1.0 5 12.2 11.6

1,0 3 11.5 11.6

0,6 ~ 12.0 !2.0

1.0 5 12.2 11.7

1.0 3 10.8 iO.7

0, 6+,3’( 5 11.5 10.7

.. —.. .—— .—.

%ivaramfin et til., 1(1?9
i~po~t pcrihcljon
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TABLE IV

PRODUCTION PATHS FOR HCO+

Distance into Coma R [km]

1 x 103 1 x ]04 3 x ]04 1 x 105

H2CO+hv+H+HCO++e 1

Cot + H20 + HCO+ + OH 2 1 4

CH3+ + H2C0 + HC~+ + CH
4

3

H20+ + CO + HCO+ + OH 4 3

co++H2 + Hco++ H 2

C+ + H2~ + HCO+ + H 4

+
ii : C02 + HCO+ + O

‘2+
+CO+HCO++H

1 2

2 4

3 1

3
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H20+ + H20 + H30+ + OH

HCO+ + H20 “ H30+ + CO

CIi; + H20 + H30+ + CH3

H20+ + H2 + H30+ + H

OH+ + H20 + H30+ + f)

H; + H,.O+ ]130++ H
&

H2CO+ + H20 + H30+ + HC~

H20+ + CH4 “ H30+ CH
3

TABLE V

PRODUCTION OF H30+

0.59 AU 1.0 AU 3.0 AU

113 11: 1111

221 333 3

33 22

21

2

>

2

222

2

-J

1

233

DISTANCE INTO COME--A, ..! x 103km, Il... 1 x ]o~ti, c.. ,3 x 104~, J),m. ] Y losh



C02+ +H20+HCO++OH
2

C02+ + H2 + HC02+ + H

CH4+ + C02 + HCO +
2

+ CH3

HCO+ + OH + HC02+

OH+ + C02 + HC02+

+H

+0

TABLE VI

PRODUCTION OF HC02+

Distance Into Coma R [km]

1 x 103 1 X104 3 x lo? 1 x 105

1

2

3

2

1

3

2

1

3

1

3

2
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O(lD)

o

CflD)

c

c+

co+

C02+

H20+

+
‘2

C2

NO

HC02+

H30+

TAbLE VII

RA’iIOOF COLLMN DENSITY AT 104km: WITH CHEM/WITHOUT CHEM

HELIOCENTRIC IJISTANCE

0.59 AU 1.0 AU 3.d AU

4.] X io-3

1.6

.32

1.1

1.0

3.() x ]()-2

3.3 x 10-2

3.6 X ]()-2

3.2 x 10-2

1.4

m

4.0 x 10-3

1.8

.25

1.2

.93

. 12

. 12

,11

.13

l.i

m

2.3 x 10-3

2.9

7.8 X 10-2

1.0

.91

.76

.75

.74

.77

1,03

m
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FIGURE HEADINGS

. .
l’-.g. 1. Combining physics and chemist~. Time steps for chemical

kinetics are small. Time steps for fluid dynamics are larger

(rl,r2, ...- logarithmically Spaced). Hany species do not reach

chemical steady state in a fluid dynamic step. Opacity is cal-

culated at each fluid dynacic s~ep as a function of wavelength.

Fig. 2. Column density~versus distance p from the center of

the nucleus into the coma for some species as predicted by OLII

model calculations, assuming an interstellar composition. Radius

of nucleus is 2.5 km. A--at heliocentric distance r = 0.59 AU,

which corresponds to p~rihclion distance of Halley’s comet. B--

at r
h

= 1.OAU. C--at I-h= 3.0 AU.
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